Abstract. Autophagy is a cytoprotective process, which occurs following temozolomide (TMZ) treatment, and contributes to glioma chemoresistance and TMZ treatment failure. However, the molecular mechanisms by which TMZ induces autophagy are largely unknown. In the current study, the ataxia-telangiectasia mutated (ATM) inhibitor KU-55933, adenosine monophosphate-activated protein kinase (AMPK) inhibitor compound C, and U87MG and U251 cell lines were employed to investigate the molecular mechanisms of TMZ-induced autophagy in glioma, and to evaluate the effects of autophagy inhibition on TMZ cytotoxicity. KU-55933 and compound C were observed to inhibit the activation of autophagy-initiating kinase ULK1 and result in a significant decrease of autophagy as indicated by depressed LC3B cleavage and acidic vesicular organelle formation. The activation of AMPK-ULK1 was ATM dependent. Autophagy inhibition via the AMPK inhibitor compound C augmented TMZ cytotoxicity as observed by depressed cell viability, increased γH2AX-marked double-strand breaks (DSBs) and elevated numbers of apoptotic glioma cells. In conclusion, TMZ induced autophagy via ATM-AMPK-ULK1 pathways. TMZ chemoresistance may therefore be overwhelmed by targeting AMPK, particularly for the treatment of O 6 -methylguanine DNA methyltransferase-negative gliomas.
Introduction
Glioma accounts for ~80% of primary malignant brain tumors in adults, and progresses rapidly and results in increased rates of mortality compared with any other type of tumor (1) . Temozolomide (TMZ), an oral alkylating agent, is the first line chemotherapeutic drug in current standard glioma treatment (2) .
The therapeutic benefit of TMZ depends on its ability to alkylate DNA, which often occurs at the N-7 or O-6 position of guanine residues. The minor adduct O 6 -methylguanine (O 6 MeG) is the most cytotoxic lesion, which mismatches with thymine. The resulting O 6 MeG/T mismatches are recognized by the mismatch repair system, which performs futile repair cycles and results in DNA double-strand breaks (DSBs) (3, 4) . Following DNA damage, ataxia-telangiectasia mutated (ATM), a serine/threonine protein kinase, is recruited to DNA foci, which in turn activates ATM. Activated ATM then transmits the DNA damage signal to downstream substrates and elicits DNA damage responses (5) (6) (7) .
The emergence of drug resistance often leads to therapeutic failure in the treatment of glioma, precluding long-term survival of the patients. The primary cytotoxic lesion, the O 6 MeG DNA adduct, may be eliminated by O 6 -methylguanine DNA methyltransferase (MGMT) in gliomas expressing this DNA repair enzyme (4, 8) . Since the MGMT promoter in almost half of the glioblastoma specimens was methylated and the MGMT promoter methylation status of the primary tumor was retained at recurrence, other chemoresistance mechanisms are critical for TMZ tolerance in MGMT-negative glioblastoma (9, 10) .
Autophagy, which is characterized by the formation of acidic vesicular organelles (AVOs), is another cellular process critical for glioma cell survival under TMZ treatment. Induction of autophagy by TMZ has been documented in glioma cell lines and surgical specimens, and inhibition of autophagy augments TMZ-induced apoptosis in glioma cells (11, 12) . However, the molecular mechanism by which TMZ induces autophagy is largely unknown.
In the present study, it was hypothesized that TMZ-induced activation of ATM elicited autophagy. In order to assess this hypothesis, the effect of ATM inhibition on autophagy was evaluated, the activation of AMPK and ULK1 was assessed, which were autophagy-initiating kinases, under ATM inhibition, and their association was investigated.
Materials and methods
Cell culture and reagents. U87MG and U251 human malignant glioma cell lines were obtained from the Cell Bank of
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the Chinese Academy of Sciences (Shanghai, China). Cells were maintained in Dulbecco's modified Eagle's medium (Gibco-BRL, Carslbad, CA, USA) supplemented with 10% fetal bovine serum (PAA Laboratories, Pasching, Australia) at 37˚C in a 5% CO 2 -humidified atmosphere. TMZ was supplied by Tasly Pharmaceutical Co., Ltd. (Tianjin, China). ATM kinase inhibitor KU-55933 (sc-202963) and the AMPK inhibitor compound C (P5499) were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA) and Sigma-Aldrich (St. Louis, MO, USA), respectively. TMZ, KU-55933 and compound C were dissolved in dimethylsulfoxide (DMSO; Sigma-Aldrich). The final concentration of DMSO in the culture medium did not exceed 0.01%, thus did not effect cell viability or protein expression.
Protein extracts. For experiments using whole-cell lysate samples, cells were washed with ice-cold phosphate-buffered saline (PBS), removed from the culture dishes and incubated in lysis buffer (150 mM NaCl, 0.1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, 1 mM DTT, 5 mM Na 3 VO 4 , 1 mM phenylmethylsulfonyl fluoride, 10 µg/ml trypsin inhibitor, 10 µg/ml aprotinin and 5 µg/ml leupeptin, pH 7.4) for 30 min on ice. The lysate was centrifuged at 12,000 x g for 30 min at 4˚C and the supernatant was collected as a whole cell lysate. For experiments using subcellular fractionation, cells were washed with ice-cold PBS, removed from the culture dishes and incubated in hypotonic protein extract buffer (1 mM EGTA, 1 mM EDTA, 10 mM HEPES, 10 mM KCl, 10 mM NaF, 1 mM Na 3 VO 4 , 1 mM dithiothreitol, 10 mM β-glycerophosphate, 100 mg/ml phenylmethylsulfonyl fluoride and 10 mg/ml aprotinin) for 10 min on ice, and lysed by the addition of Igepal CA-630 (final concentration, 0.4%) with vigorous mixing for 10 sec. The lysate was centrifuged at 12,000 x g for 5 min at 4˚C and the supernatant was collected as a cytoplasmic protein extract. The pellet was sonicated using an Ultrasonic homogenizer (BL-96-II L; Voshin Instrument Co., Wuxi, Jiangsu, China) and incubated in hypertonic protein extract buffer (10 mM Tris, 1 mM EGTA, 1 mM EDTA, 400 mM NaCl, 10 mM NaF, 1 mM Na 3 VO 4 , 1 mM dithiothreitol, 10 mM β-glycerophosphate, 0.5% Igepal CA-630, 100 mg/ml phenylmethylsulfonyl fluoride and 10 mg/ml aprotinin) for 30 min on ice and centrifuged at 12,000 x g for 5 min, and the supernatant was collected as a nuclear protein extract. All protein samples were stored at -80˚C.
Western blot analysis. Western blot analysis was performed using standard methods. chain 3B (LC3B), which is cleaved into LC3B-Ⅰ and LC3B-Ⅱ during autophagy, was used as an autophagy marker (13) (14) (15) .
Detection of AVOs. Quantification of autophagy by acridine orange staining using flow cytometry was performed as described previously (16, 17) . Briefly, following drug treatment, acridine orange (sc-358795, Santa Cruz Biotechnology, Inc.) was added at a final concentration of 1 µg/ml for a period of 15 min. All floating and adherent cells were collected, washed with PBS, resuspended with phenol red-free growth medium and analyzed by flow cytofluorometry (guava easyCyte 5HT; Millipore Corporation, Hayward, CA, USA). When excited with a 488-nm laser, the nucleolus of acridine orange-stained cells fluoresced bright green and acidic vesicles emitted bright red fluorescence. The forward scatter threshold was adjusted to omit cellular debris and 5,000 ungated events were analyzed. Cells containing AVOs were identified as double positive cells.
Detection of apoptosis.
Cell apoptosis was detected wit h a n A n nex i n V-f luor esc ei n isot h io cya nat e (FITC)/propidium iodide (PI) apoptosis detection kit (C1063, Beyotime Biotech., Jiangsu, China) according to the manufacturer's instructions. Briefly, cells were trypsinized with 0.25% trypsin, washed twice with PBS and collected by centrifugation (192 x g, 5 min). Cells were resuspended with binding buffer at a density of 1x10 6 /ml, stained with Annexin V-FITC and PI for 15 min in the dark at room temperature and analyzed by flow cytofluorometry (Guava Easycyte 5HT).
Cell viability analysis. MTT assays were performed to assess the sensitivity of cells to drugs. Briefly, glioma cells were seeded at a density of 3,000 cells/well in 96-well microplates. The following day, cells were treated with TMZ and/or compound C for 72 h. Following culture, 20 µl MTT (5 mg/ml) was added to each well, and plates were placed at 37˚C for 4 h. DMSO (100 µl) was added to each well to lyse the cells. Absorbance was measured at 570 nm using a microplate spectrophotometer (Thermo Scientific Microplate Reader; Thermo Fisher Scientific Inc., Waltham, MA, USA).
Statistical analysis.
All experiments were performed in triplicate, and results are presented as the mean ± standard deviation. Statistical analysis of the data was performed using Student's t-test (for two groups) or one-way analysis of variance (for three or more groups). P<0.05 and P<0.01 were considered to indicate a statistically significant difference.
Results

TMZ treatment induces autophagy in glioma.
Induction of autophagy by TMZ has been documented in glioma cell lines and surgical specimens (11, 12) . In agreement with this, the current results showed that treatment with 100 µM TMZ induced autophagy as shown by a significant increase of AVOs and enhanced cleavage of LC3B (Fig. 1A and B) . ATM, AMPK and ULK1 were activated, as shown by western blot analysis, following TMZ treatment (Fig. 1B) .
TMZ induces autophagy via AMPK-ULK1 pathways.
It has been documented that AMPK is involved in the initiation of autophagosome formation by interacting with mammalian autophagy-initiating kinase ULK1 (18, 19) . Consistently, the current results showed that inhibition of AMPK with compound C led to depression of ULK1, and that the LC3B cleavage was decreased significantly in the TMZ + compound C groups compared with the other groups (Fig. 2) . This indicated that TMZ induced autophagy via AMPK-ULK1 pathways.
TMZ-induced autophagy and AMPK-ULK1 activation are ATM dependent.
To determine the role of ATM in the autophagy process and AMPK-ULK1 activation, a specific ATM inhibitor, KU-55933U, was used to inhibit ATM phosphorylation and to assess the level of autophagy. Western blot analysis showed that TMZ failed to induce the phosphorylation of AMPK and ULK1 following treatment with 10 µM KU-55933, and the expression of LC3B-Ⅰ and LC3B-Ⅱ declined significantly compared with the TMZ and control groups ( Fig. 3A and B) . Flow cytometric analysis showed that inhibition of ATM phosphorylation resulted in fewer AVOs in the TMZ + KU-55933 group compared with the TMZ group (9.24±0.38 vs. 29.90±2.14%, respectively, P<0.001; Fig. 3C ). The levels of LC3B cleavage and AVOs in the KU-55933 group were also lower compared with the control group ( Fig. 3B and C) . Therefore, TMZ-induced autophagy and AMPK-ULK1 activation were ATM dependent.
Inhibition of AMPK augmented the cytotoxicity of TMZ by disrupting autophagy.
Since autophagy serves as a cytoprotective process and ATM mutation results in ataxia telangiectasia, the AMPK inhibitor compound C was employed to investigate the effect of autophagy disruption on TMZ cytotoxicity from a possible medical treatment standpoint. AMPK inhibition with compound C was observed to interrupt TMZ-induced autophagy (Fig. 2 ). In the current study, compound C was found to augment TMZ-induced DNA damage, as indicated by increased γH2AX detected in the TMZ + compound C group compared with the control, TMZ and compound C groups in U87MG and U251 cells (Fig. 4A) . MTT analysis also showed that the TMZ + compound C group exhibited slower growth compared with that of the other groups (Fig. 4B) . Next, the level of apoptosis in each group was assessed with Annexin V-FITC/PI double staining. The levels of apoptotic cells in the control, TMZ, compound C and TMZ + compound C groups were observed to be 6.52, 13.32, 10.69 and 25.02%, respectively (Fig. 4C) . These results indicated that inhibition of AMPK augmented the cytotoxicity of TMZ by interrupting autophagy.
Discussion
Autophagy is a highly conserved catabolic process in which cells self-digest organelles and other macromolecules via the autophagosome. Autophagy ameliorates the negative effects of dysregulated cellular metabolism, allowing a steady supply of nutrients and removal of damaged organelles (20) (21) (22) . TMZ induces an autophagy-associated adenosine triphosphate (ATP) surge through the degradation of cellular proteins and organelles, which maintains cellular homeostasis and survival. In addition, inhibition of autophagy augments TMZ-induced apoptosis (12, 23) . The current results also showed that 100 µM TMZ treatment induced autophagy in U87MG and U251 glioma cells. However, the molecular mechanisms by which TMZ induces autophagy remain largely unknown.
AMPK is a conserved sensor of intracellular energy, which is activated in response to low nutrient availability and cellular stress, and is involved in the initiation of autophagosome formation by interacting with mammalian autophagy-initiating kinase ULK1 (18, 19) . The current results showed that TMZ treatment led to significant AMPK phosphorylation and ULK1 activation during the process of autopahgy. When AMPK phosphorylation was inhibited by compound C, TMZ-induced autophagy was significantly interrupted as indicated by a decrease in LC3B cleavage. Next, the mechanism of AMPK-ULK1 pathway activation was investigated.
ATM kinase forms a central node in the DNA damage response phosphorylation cascade by contributing to the initiation, amplification and transmission of the DNA damage signal to downstream substrates (7, 24) . The results indicated that AMPK-ULK1 pathways were one of these downstream pathways. TMZ failed to induce AMPK-ULK1 activation following KU-55933 treatment, which led to a decrease of LC3B cleavage and AVO formation. Thus, TMZ-induced DNA foci recruit and activate ATM kinase, which in turn evokes phosphorylation of AMPK-ULK1 and subsequently elicits autophagy. Thus, glioma cells may supply steady nutrients and energy for DNA damage repair or other cellular processes.
Ba s e d o n t h i s hy p o t h e si s, i nt e r r up t io n of ATM-AMPK-ULK1 pathways results in autophagy inhibition and augment TMZ cytotoxicity. To examine this hypothesis, autophagy was interrupted with the AMPK inhibitor compound C, and AMPK inhibition was found to augment TMZ cytotoxicity as observed by impaired cell viability, an increase of γH2AX-marked DSBs and elevated numbers of apoptotic U87MG cells. We hypothesize that AMPK inhibition interrupts the cytoprotective process of autophagy, which results in augmentation of the TMZ cytotoxic effect and promotes glioma cell death under apoptotic stress. These results suggest that glioma chemoresistance may be overwhelmed by targeting AMPK, particularly for MGMT-negative patients.
In conclusion, TMZ treatment induces autophagy through ATM-AMPK-ULK1 pathways, and AMPK inhibition augments TMZ cytotoxicity. The current results suggest that AMPK may be a treatment target to overwhelm TMZ chemoresistance.
